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Abstract 

Objective: In this paper  the  photothermal  design  aspects of novel  shape  memory  polymer 
(SMP) microactuators for treating stroke are  presented. Materials and Methods: A total 
of three devices will be presented:  two  interventional  ischemic  stroke  devices  (coil  and 
umbrella)  and  one  device  for  releasing  embolic coils (microgripper). The optical 
properties of SMP, methods for coupling laser  light into SMP, heating distributions in  the 
SMP devices and the impact of operating  the  thermally  activated  material in a blood 
vessel are presented. Results: Actuating  the  devices  requires  device  temperatures  in  the 
range of 65 "C - 85 "C. Attaining  these  temperatures  under  flow conditions requires 
critical engineering of the SMP optical properties, optical coupling into the SMP, and 
device geometries. Conclusion: Laser-activated SMP devices  are a unique  combination 
of laser-tissue and biomaterial  technologies.  Successful  deployment of the microactuator 
requires  well-engineered  coupling of the light from  the  diffusing fiber through  the  blood 
into the SMP. 
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Introduction 

In this  study we report  on  the  photothermal  design  issues  for  laser-activated  shape 
memory  polymer (SMP) devices  that  are  under  development  for  endovascular  treatment 
of ischemic  stroke  and  cerebrovascular  aneurysms.  Stroke is a  major  cause of death 
(155,00O/year)  and is the  primary  cause of long-term  disability  in the United  States [ 1,2]. 
Approximately 730,000 strokes  occur  annually  in  the  United  States,  accounting  for  costs 
of over $40 billiodyear  for treatment  and  rehabilitation [ 3 ] .  Large  vessel  ischemic 
strokes,  typically  caused  by the formation or lodging of  a  thrombus  (blood  clot)  in  the 
arterial  network  supplying  the  brain,  account  for  approximately 60% of strokes 
(-4OO,OOO/yr); the  remainder  are  hemorrhagic  strokes (20%) and  small  vessel  ischemic 
strokes (20%) [ 11. Of the hemorrhagic  strokes,  approximately 15,OOO/yr are  the  result 
from  a  ruptured  aneurysm [4]. The probability  that  a  patient  with  an  unruptured 
intracranial  aneurysm (UIA) will  rupture  (stroke) is a current  clinical  research  topic  and 
is known to vary with  aneurysm  size and location. In the  largest  study to date,  rupture 
rates  were  reported at a  rate of O.O5%/yr in patients  with  aneurysms < l o r n  in  diameter 
and 1 % in patients  with  aneurysms 2 lOmm in  diameter [SI. Hence,  the  number of 
recommended  treatable  patients  with UIA (2 l O m m  in  diameter, [4]) in  the US is as large 
as 1 ,ooo,ooo/yr. 

Currently,  the  only  approved  therapy  for  treatment of acute  ischemic  stroke  is 
intravenous  recombinant  tissue  plasminogen  activator  (tPA).  While  stroke  patients  who 
receive  i.v.  tPA  are  more  likely to have  better  outcomes  than  those  who do not,  their 
improvement is highly  dependent on the initiation of treatment  within  three  hours of the 
onset of symptoms,  with  no  improvement of outcome  and an increased  risk of intracranial 
hemorrhage if the  medication is begun  outside  this  time  window [6]. After  this  three 
hour  window,  tPA is ineffective at lysing  the  clot. With this  rigid  temporal  limitation, 
and  with  the  concern  over  intracranial  hemorrhage,  only 2-3% of people  with  acute  stroke 
are  currently  being  treated  by  this  means [7]. Since,  under  current  protocols,  the  efficacy 
of  tPA  limits  the  window of opportunity  for  revascularization to three  hours of symptom 
onset,  the  issue  becomes  the  duration of the  time  window  during  which  the  patient  would 
benefit.  Early  clinical and animal  studies  have  shown  that  reperfusion  up to 9 hours  after 
stroke  onset  results in full neurological  recovery [8]. Thus, a difference of up to 6 hours 
exists between  the  efficacy of the current  therapy  and  timing of future,  perhaps 
mechanical,  therapies. Two recent  reports [9,10] of mechanical  removal of thrombus 
which  was  resistant to pharmacologic  lysis,  with  subsequent  improved  patient  outcome, 
highlights  the  principle  and the necessity  behind  the  development and testing of devices 
specifically  designed for this  purpose. 

A promising  approach  for  treating  ischemic  stoke is the  mechanical  removal of thrombi 
using a novel  microactuator  device  as  demonstrated  in  Figure 1. The  device  consists of 
an  injection-molded  shape  memory polymer microactuator  that is delivered  through  a 
catheter  distal to the  thrombolic  occlusion. The microactuator  is  mounted on a  diffusing 
optical  fiber  and  delivered  in its straight  form  through a catheter ( e g ,  Target 
Therapeutics  Tracker 18,0.018"(450 p) ID) distal to the occlusion,  where it is deployed 
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via optical heating into its coil  shape.  Once  the  device is deployed, both the 
microactuator  and  the  thrombus  are  removed  from  the  vessel, restoring blood flow. 

The current FDA-approved  endovascular  therapy for treating  neurovascular  aneurysms 
that may  lead to a hemorrhagic stroke is the  Guglielmi  detachable coil (GDC) [ 1 11. In 
the GDC system, UIAs are  packed  with  embolic  coils  that  cause the blood  in  the 
aneurysm to clot and  eventually  heal  over such that  the  threat of rupture is eliminated. 
The coils are  released  from  the  delivery  wire by  means of electrolytic dissolution of a 
metallic  bridge  that connects the  platinum coil to the stainless steel wire (1-5 midcoil). 
Since a single aneurysm may require  as  many as 20 coils, the  downside of this  system is 
the  time  required to release  the  total  number of coils. 

The same laser-activated SMP technology  that is used  in  developing the interventional 
ischemic  stroke device can  be  used  in  designing a fast  actuating embolic coil release 
system (see Figure 2). This system  has  been  patented  and  demonstrated to release the 
coil in a second  or less [ 121. 

The ischemic  and  hemorrhagic stroke therapies  are  enabled  by  polymers  that  display 
shape  memory behavior, Le.,  they can be  formed into a primary shape, subsequently 
deformed into a stable secondary shape, and  then  controllably  actuated to recover  their 
primary  shape. Such behavior  has  been  reported in a wide  variety of  polymers  including 
polyisoprene [ 131 and  segmented  polyurethanes 1141. Although  there is wide  chemical 
variation  in these materials, they can be  grouped into categories  with  high  physical 
similarity based  on the method  of actuation, which  can  be  achieved  thermally,  through 
photo  induced  reaction, or by  changing  the  chemical  environment [ 151. For example, 
thermal SMPs are typically  described as having a hard,  or fixing phase  and a soft,  or 
reversible phase. The fixing phase consists of a dispersed  glassy  phase,  crystallinity,  or 
chemical crosslinks that  provide the structure necessary for memorization of the  primary 
shape. The reversible phase  makes up the material matrix; it can  be either amorphous  or 
semicrystalline,  and stores most of the actual  deformation  imposed on the material  during 
formation of the  secondary  shape. The microactuator-based devices described  in this 
work are composed of a thermal S M P .  

The  physical  mechanism for the operation of  an SMP microactuator is different from that 
of the more  commonly  used  shape  memory  alloys (SMAs). This difference can  be 
explained with  reference to their  thermomechanical  behavior  (Figure 3). In SMAs, the 
shape  memory effect is related to the local cooperative  reordering of lattice atoms  that 
occurs  when a defonned SMA is heated  from the martensitic  phase to the austenitic phase 
(above A, in Figure 3) [ 151. In thermal SMPs, the primary shape is formed at a 
temperature  above the highest  glass  (Tg) or crystalline (T,) transition and  then  the 
polymer is either cooled (thermoplastics) or crosslinked  (thermosets)  in order to fix the 
shape.  Next,  the  secondary  shape is obtained by deforming the material  at a temperature 
above the soft  phase  glass transition temperature (Tgs) or soft  phase crystalline melting 
temperature (Tms) and stabilized  by cooling below  the  same soft phase  transition. This 
deformation is stored elastically as macromolecular  chain  orientation;  hence,  there is an 
entropic potential for shape  recovery.  However,  by  cooling below the soft phase T,, or 
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Tm, the  soft  phase  modulus  increases  by  orders of  magnitude,  effectively  retarding  this 
recovery.  Finally,  recovery of the primary  shape is  acheved by heating  the  material  once 
again  above  the  soft  phase T,, or Tms. 

The first  commercial  application of the  polymer  shape  memory  effect  involved the use of 
radiation  crosslinked  polyethylene  for  heat  shrink film and tubing [ 161. Researchers  at 
Mitsubishi  later  developed a series of segmented  polyurethanes  for  use  in  expandable 
foam for  packaging [ 14,171, and  adopted  the  term  “shape  memory  polymer” to describe 
those  specific  materials as is done  here.  Since  the  soft  segment  glass  transition  of  those 
materials  could be controlled  over  the  temperature  range  from 30°C to above 70°C [ 181, 
and  since  polyurethanes  are  generally  biocompatible,  they  are  particularly  well  suited for 
medical  applications  involving  internal  short-term  use [ 191. Since  their  introduction, 
several  medical  applications  have  been  documented.  These  include  implant  devices [20], 
catheters  [21],  microactuators  [22], and optical  heating of shape  memory  devices  [23]. 

In this paper  the  engineering  issues  for  using  lasers to heat  and  subsequently  actuate SMP 
devices  are  presented. A total of three  devices  will  be  presented: two interventional 
ischemic  stroke  devices  (coil  and  umbrella)  and  one  device  for  releasing  embolic coils 
(microgripper). The optical  properties of SMP, methods  for  coupling  laser  light into 
SMP, heating  distributions in the SMP devices  and the impact of operating the thermally 
activated  material in a blood  vessel  (with  and  without flow) are  presented. 
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Materials  and  Methods 

Optical  Properties 
The  refractive  index  and  optical  absorption  curve  were  measured for the  SMP (thennoset 
polyurethane MP 5510 - T,, = 55 OC, Memry Corp., distributor for Mitsubishi  Heavy 
Industries,  Ltd.). Two designs for an ischemic stroke device  were  fabricated  injection 
molding. Samples for optical  testing  were  produced  using  injection  moldmg  in a similar 
manner to the  ischemic  stroke  devices except a rectangular  mold  was  used  with 
dimensions 3" x 0.50" x 0.125".  The embolic coil microgripper  was  extruded  using a 
thermoplastic SMP (Tgs = 55 "C). 

The  absorption coefficient was  measured  on the 0.125"  thick  sample  over  the  wavelength 
range of 400-900 nm (Perkin  Elmer,  Lambda). Several samples  were  doped  with a green 
dye  (Ryvec-5 18) at  concentrations of 0.06%-0.2% by  weight. The refractive  index of the 
0.06% sample was also measured  at 589 nrn  and  corrected to 20 "C (Reichert ABBE 
Mark 11 Digital  Refractometer). 

Laser-SMP Optical  Coupling 
The optical system for used in heating  the SMP devices is shown in Figure 4. The laser 
used is a fiber pigtailed 1.5 W diode laser (OptoPower  Corporation)  operating  at 8 10nm 
at  0.1-1.5 watts for 0.1-2.0 seconds.  The 2x2 (90%-lo%, Amphenol)  fiber coupler and 
two  photodetectors  (Melles Griot, silicon  photodiode)  enable  both the laser power to be 
monitored  and,  if applicable, a feedback  signal resulting from  the status of the  actuation 
to be monitored.  Throughout the optical  system, 100 pm core step index  fibers  are  used. 
In order to minimize the diameter of the fibers used  in  the  Pusher  (delivery) section, a 
polyimide  buffered  fiber is used  (Polyrnicro,  100/120/140 pm low OH silica fiber). The 
prototype  system uses a laptop  computer running LabView  and a data  acquisition card 
(National  Instruments) to control  the laser. 

Depending on the device geometry,  efficient coupling of  the  laser  light into the SMP may 
require  some  modifications to the fiber-SMP interface. In the  case of the  microgripper 
depicted in Figure  2, the end of the fiber was modified over, approximately,  the last 500 
pm to be radially  diffusing. The protocol  used for creating a 100 pm diameter  diffusing 
fiber was to first etch the cladding off the fiber core using 100% hydrofluoric  acid for 15 
minutes. The buffer was previously  removed  using a cylindrical  heating  element  that 
burns the buffer off (Bahr and Associates).  The  acid-etched fiber is dip  coated  with UV- 
cured optical adhesive (Norland  Products) and cured. The hardened  adhesive coating has 
a refractive index larger than  the fiber core such that  light  couples  efficiently  into the 
adhesive. The final step in making a cylindrically diffusing tip  is mechanically  abrading 
the  coating surface (5  pm particle size). The umbrella  device also used a cylindrically 
diffusing fiber section  prepared  in  the same manner.  The coil device currently  uses 
straight fiber-SMP coupling but  this  device is  the least mature and still under 
development. 
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Thermal Flow Measurements 
A thermal  camera  (Inframetrics, 0.01 "C resolution, 10 pm spatial  resolution, 30 Hz 
video  capture  rate)  was  used to image  the  temperatures  that  result  in  the  optical  heating of 
the SMP devices. The experiments  were  conducted  with  the  microgripper  in  air  or 
partially  submerged in a controlled flow channel (4x4 m). The microgrippers used in 
the  flow  studies  had  one-half to two-thirds of their  surface  area  submerged  in  a  flow 
stream. The microgrippers  could  not be completely  submerged  because  the  thermal 
camera  does  not  work  through  water. The images  were  used to determine  the  axial  and 
radial  uniformity  and  magnitude of  heating  with a 37 "C water  flowing  at  rates of 0-100 
ml/min  in a 4 lll~n square channel. 

A second  set of experiments  validated  the  thermal  camera  temperature  measurements for 
completely  submerged  devices. A number of coil drop tests were performed  for  various 
flows (0-100 d m i n  in a 3mm inner  diameter  polyvinyl  chloride  tube).  The  sarne  laser 
power and pulse  durations  were  used to determine  if the SMP would  actuate  as  predicted 
by  the  temperatures in the  infrared  images. In general, laser powers  needed  to be 
increase  by 20% over those  predicted in the  infrared  image  measurements to actuate the 
devices. 
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Results 

Device  Operation 

The  most  mature  device is the  microgripper  used  in  releasing  embolic  coils.  This  device 
is shown in Figure 5. The device  has  been  licensed to industry. The interventional 
devices for treating  large  vessel  ischemic  stroke  are  currently  under  development. The 
operation of these  devices  is  demonstrated  in  Figure 6. The  umbrella  has  been 
functionally  operated  in  a  saline-filled  polyvinyl  chloride 3m1n inner  diameter  tube  with  a 
2 cm long  blood  clot. The collapsed  umbrella  was  pushed  past the clot,  activated  with  a 
laser  pulse of 0.25 W for 5 seconds  and  drawn  proximally to successfully  capture  the 
clot.  Both  the  umbrella  and  coil  have  been  demonstrated in bench-top  functional  tests to 
hold  blood  clots  in 1.5 nun inner  diameter  polyvinyl  chloride  tubing for pressures of 
1078f249 mmHg. These  pressures  are  an  order of magnitude  greater  than  physiological 
Cerebrovascular  pressures. 

Optical  Properties 
The refractive  index of the 0.06% wt.  doped MP 5510 was 1.5799+0.0002 at 589 nm. 
The absorption  coefficient  for the same SMP is shown  in  Figure 7. The absorption 
coefficient  at  the  diode  laser  wavelength of 810 nm is 3.65 cm-'  that  equates to a mean 
free  path  of 2.7 mm. The absorption  coefficient  scales  linearly  with  concentration 
through 0.2% wt.  doping  (largest  measured). 

Thermal and Flow Measurements 
Figure 8 shows an example of an image  captured  with  the  thermal  camera.  Spatial  and 
temporal  thermal  profiles  were  extracted  from  similar  images  and  used to optimize a 
large  parameter  space of device desigdgeometries, laser  powers  and  flow  rates.  Similar 
studies  are  currently  underway  for  the  ischemic  stroke  devices.  Figure 9 shows  the 
temperature  gradients  due to flow and  different  absorption  coefficients  (inset  figure). A 
variety  of  optical  coupling  schemes  were  tested in this  way  with the diffusing  fiber  tip 
resulting  as the optimum  design.  Figure 9 shows an alternative  design  with  a  gap 
between a non-'diffusing  fiber  and  the  coil.  Optimum  dye  concentrations  were 
determined to be between 0.05%-0.1% wt.,  depending on the coil-SMP  overlap.  Figure 
10 shows examples  of  data  collected  from  the flow studies  on the partially  submerged 
microgrippers. The general  conclusion of these  studies was that  no  single  laser  power  was 
appropriate for operating  the  microgripper  under  all  required flow conditions (0-100 
d m i n ) .  
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Discussion 

We believe  that  shape  memory  polymers  will  have a significant  impact  on  medical 
devices. SMP has unique  properties  that enable the  manufacture of devices  not  possible 
with current materials.  For  example,  SMPs  have  several  advantages  over SMAs including 
cost, higher  recoverable  strain levels (300% versus lo%), ease of manufacturing,  better 
flexibility in  navigating  tortuous paths, and  great  versatility  in  fabricating  extremely 
small, highly  complex  actuators. The possible disadvantages of SMP are unknown 
material  properties  and  lower  actuation  forces (relative to SMAs). Potential  applications 
of SMP include stents, stent  release  mechanisms,  embolic coil release  mechanisms, 
thrombus  extraction  devices,  and many others. 

Relative to the SMP devices  presented  here,  several  common  photothermal  design criteria 
can  be  identified: 

1. The endovascular devices  cannot cause collateral thermal  damage to the  blood 
vessels, 

2. The devices must  be  heated as uniformly as possible  with  the  default  requirement 
that  the  minimum SMP temperature be sufficient for actuation (-60 "C) and  the 
maximum SMP temperature  be  lower  than  the SMP melt or damage  threshold 

3. The minimum  and  maximum  temperatures  discussed in criterion 2 must  hold 
(100-150 "C), 

under all flow  conditions possible in the given  vascular  anatomy. 

The first, safety-driven  photothermal  design criterion is complicated.  Although no know 
written FDA requirement exists, the  very  common  verbal  stipulation is that no collateral 
tissue may be  heated  by  more  than  that of a high-grade  fever  or,  approximately, 5 "C 
above normal  body  temperature. This requirement is not  practically  imposed  on  devices 
though. The data accepted by the FDA is histologic evaluation of animal  model  vascular 
tissue exposed to the device under a series  of  power level, operating  duration  and flow 
conditions. If the vascular  tissue sections show no thermal  damage  then the device is 
assumed  safe for human use (relative to collateral thermal  damage issues only). The 
difference between the stated 5 "C criterion and  the  gold  standard test is twofold - 
kinetics  and the cooling capacity of fluids. 

Kinetics is the  key factor in  determining if a given  heated  object will cause thermal 
damage in a vessel. In short, it is the  time-temperature  history and not just the 
temperature that matters. That is, high  temperatures can only  be  applied for short 
durations before  damage  results  and  low  temperatures for much  longer  times.  The kinetic 
rate constant, k, quantifies this time at a given  temperature. In this case, k, describes  the 
rate  that tissue changes from native to denatured  (thermally  damaged) [24]. Thus k*' is 
the characteristic time for thermal  damage to occur. An applied example of this is to 
determine the time  required to thermally  damage an important  structural constituent of 
arteries, collagen, at 50,60, and 70 "C. Using the thermodynamic  parameters  found for 
collagen  using  birefringence  measurements (AH=368 kJ/mol, AS=0.824 kJ/mol-K, [25]), 
the inverse rate constants are calculated to be 4485,7 1 , and 1 second for 50,60, and 70 
"C, respectively. Thus a 60 "C temperature  could  be  tolerated  for  some fraction of 71 
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J/(g°C) (approximately 4 for water  and 3.3 for  blood)  and V is the  total  volume  in cm3. 
Using  the  microgripper  as an example,  assume  that it  is operating  in a 4 mm inner 
diameter  artery  under no flow  conditions.  Further  assume as a worse  case  estimate  that 
only  the  blood  along a 5mm length of the  device is available for cooling.  Under  these 
assumptions,  the  temperature rise is estimated  as 5 P t. The laser powers used for  the 
microgripper  are  approximately 0.2 W at  the SMP for 1 second.  Thus, AT- l°C and  no 
damage is expected to occur even  though  some  area of the SMP would  be  at  temperatures 
around 85-90 "C. This example was  well substantiated by animal  model hstology. 
Similar reasoning is currently  being  used  in  the  development of the SMP ischemic  stroke 
devices  (see  Figure 6). 

A second,  more extreme example  from  another endovascular device developed  by our 
group, a vacuum tube, x-ray  producing  catheter  was  simulated by a hollow  aluminum 
cylindrical 1 mm diameter by 3 mm long  beam  dump  that  was  heated by internally 
absorbing 1 W of laser energy.  The  internal  temperatures of the  device  reached over 120 
"C. In this case the device was  engineered  such  that it would  always  be  centered  in  the 
vessel  and 1 ml/min of  forced saline flow  was  required. The maximum  steady state 
temperature  rise in  the blood  or at the  vessel  wall (4 mm inner diameter) was measured to 
be 2 "C above  ambient. Since the potential for catastrophic damage  existed  in the x-ray 
device, an additional  engineering  safety feature was the inclusion of an on  board 
temperature sensor that would  turn  off  the  device  power if rapid  heating was detected. 
This device  must operate for minutes  at a time.  Using the same  empirical  model  as the 
preceding  paragraph, AT ("C) = P/(Cp f), where P is the steady state power  and f is now 
flow  rate  in ml/s .  For the above  conditions, AT = 4 "C. We believe  that  the  measured 
temperature  rise is less than the rule of thumb calculation because  there was some  flow  in 
the vessel  besides the forced saline from a catheter  and  conductive  cooling  will also come 
into play for minute  timescales. 

An important note is that the convective fluid cooling rule of thumb  does  not  apply to 
direct laser heating  of tissue or if a large  area of a heated  device is in contact  with the 
artery  wall. 

The second  (uniform  temperature distribution) design  criterion  influences  the  engineering 
of the SMP absorption coefficient used  in  various  devices. In the case of the 
microgripper,  dye concentrations of 0.06% resulted  in a mean  free  path (mfp) of 2.7 mm, 
which was approximately  twice  the  length of the SMP overlap on the coil.  Theoretically, 
this would  result  in fiber-coil temperature  increases  approximately 1.4 times  the 
temperature increase observed  at  the  distal  tip. A more  uniform  temperature profile could 
be  obtained by lowering the dye  concentration  (absorption coefficient) but this would 
also result  in a lower energy  deposited  per unit volume. The deposited  energy is equal to 
the intensity, which is a function of time and geometry,  multiplied  by  the  absorption 
coefficient. In the case of the microgripper, financial constraints governed by a lower 
power,  lower cost laser such that the  option to flatten the temperature  profile was limited. 
In general, if the laser power is available,  lower  absorption coefficients are  better for 
uniform  temperature distributions. The  current  design for the ischemic  stroke SMP coil, 
which  has an elongated length of 4 mm and diameter  of 0.2 mm, is using  dye 
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concentrations 0.01% (b=0.6 cm")-0.02% (h=l.2 crn"). Since the umbrella  device  is 
irradiated  from  the side and  will  be  in  a  blood  environment ( ~ 4 . 7  cm-I ,2.1 mm mfp, 
[26]), its  absorption  coefficient is 12.2 cm-I (mfp=0.8 mm, thickness 0.2 mm). 

Note  that  the  wave-guide  characteristics of the SMP (n=l S) in  a  blood (n=l.4) or water 
(n=1.3)  environment is a  useful  engineering  tool  in  designing  these  devices.  Other 
heating  methods  (e.g.  resistive and radio  frequency  heating) do not  take  advantage  of  the 
selectivity  enabled  by  the  wave-guide  effect.  The  net  outcome is to evenly  distribute 
light  within  the SMP. As long  as  sharp  corners and bends  are  avoided, the light  will 
propagate  in  the SMP. This  factor  was  not  fully  considered in the first  prototype  of  the 
ischemic  coil  device  shown  in  Figure 6. The  square  cross  section  causes  a  large  amount 
of leakage  such  that  laser  activation is possible  but  not  practical. A redesigned  mold  with 
a round  cross  section is currently  being  fabricated. 

The third  design  criterion is that  all of these  devices  work  under  all  relevant  flow 
conditions. The data for the microgripper in Figure 10 show  that this can  be  a  difficult 
constraint. A neurovascular  aneurysm off the  middle  cerebral  artery  could  have  flow 
rates as large  as 100 ml/min. If the  embolic  coil  therapy is successful,  then  this  flow  will 
be reduced as coils  are  deposited  and  will be near  or  at 0 rnl/min  at the end of the 
procedure. We could  not  find  any  single  laser  power  that  successfully  actuated  the 
gripper release  for  this flow range.  Referring to Figure 10, there is no single laser power, 
pulse duration  that  would raise the  distal S M P  above 65 "C in the 95 d m i n  flow 
condition  and  not  overheat  the SMP in  the 18 ml/min  case. The design  issue was solved 
by  physically  modifying the device so that  the SMP always  was  exposed  to 0-10 d m i n  
flow  conditions  independent of the vascular flow rate.  This  engineering fix also  resulted 
in  lower  laser  powers.  Experiments  are  currently  underway to determine  the  flow 
requirements  for  the  ischemic  devices. 
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Figure Captions 

Fig. I. Schematic  representation of SMP microactuator  used in treating  ischemic  stroke. 
(a ) The  guide  catheter is pushed  through  or  around  the  blockage. (b) The SMP device 
is pushed  out of the  guide  catheter  and  actuated.  The SMP device  must  have  a  small 
enough  diameter to pass  through  an  appropriate  neurovascular  guide  catheter.  Current 
design goals have set this  diameter to be 0,012” (300 prn) or less. Two appropriate 
devices,  nominally  named  a  coil  and an umbrella,  are  described  in  this  paper.  (c) The 
catheter,  expanded  device  (coil  depicted in this  schematic),  and  clot  are  pulled  in  unison 
proximally  to  relieve the ischemia. 

Fig. 2. Schematic  representation of  an embolic  coil  release  microgripper.  Figure  2a 
shows  the  delivery  device  with  the  coil  loaded  and  ready  for  deployment.  Figure  2b 
shows  the  delivery  device  after  the SMP has  been  heated  above its transition  temperature. 
The SMP around the coil  has  mechanically  relaxed  (expanded) to its extruded  diameter. 
The SMP remains in its expanded  state  after  the  laser-coupled  thermal  energy is turned 
off  and  the SMP cools below its transition  temperature.  Note  that the SMP around  the 
optical  fiber  has  been  permanently  attached  with an adhesive. 

Fig. 3. General  thennomechanical  behavior of shape  memory  alloy  (SMA)  film  and of a 
shape  memory  polymer (SMP) shown  in  the  temperature  range of their  respective  shape 
memory  effects  (plotted on a  semilog  scale).  The SMA shows a hysteresis  in  the  physical 
transformation  between  the  austenite (A) and  martensite (M) phases($),  with  subscripts 
(s) indicating  the start and ( f )  the  finish of the  transition.  Shape  recovery is complete 
when the SMA is  heated  above Af. In the  lower  curve a major  change  in  modulus is seen 
at the  soft  phase  glass  transition (Tgs), where  the SMP goes  from  being a hard to a 
rubbery  consistency.  Heating the SMP above T,, is necessary  for  shape  recovery. The 
SMP shown  would be useful  for  medical  device  applications in which  actuation  occurs 
within  the  body. The minimum  temperature  required  for  actuating the SMP material 
depicted  in  the  generic  curve is approximately T,,=55 “C, which is typical of the S M P  
devices  used  in  medicine. 

Fig. 4. A schematic  overview of the optical  system for heating SMP devices.  Laser  light 
is transmitted  through  a  multimode  optical  fiber,  a  fiber  coupler, an extension  fiber  that 
enters the sterile  surgical  field,  and  a  fiber  pusher  with the SMP actuator  at  its  distal  tip. 
A  small  amount  of laser light is reflected  from  the  fiber-SMP  interface  back  through the 
coupler into the  photodetector.  Source  fluctuations  may be monitored by the  source 
photodetector.  As the laser  light  heats  the SMP in the distal tip of the catheter,  the 
umbrella  deploys. As an optional  design  feature,  detection of the  actuation  can be fed 
back to the  operator  (or  computer). The SMP movement  causes  the  reflected  signal to 
decrease. The changes in the reflected  signal can be used to control the driving  current  of 
the  laser  or to alert  an  operator of the  status of the  actuator  (e-g.,  open or closed). 

Fig. 5. Photograph of embolic  coil  microgripper  with  self-contained  driving  electronics. 
All  components  depicted in the Control  Unit box in  Figure 4 are  included in the  electro- 
optic  unit  that  was  used in animal  trials. The Control Unit  features  a LED bar graph at 



the  top  that  indicates  the  status  of  the  microgripper  (embolic  coil  attached or released). 
The two  detach  buttons  must be depressed  simultaneously to avoid  accidental 
detachments. A non-clinical  coil is shown  after  passing  the  delivery  (pusher)  fiber  optic 
through a Target  Therapeutics  Tracker 18 (0.01 8" inner  diameter). 

Fig. 6.  Operational  demonstration of the umbrella  and  coil  microactuators.  The 
maximum  diameter of the deployed  (opened)  umbrella  is 1 mm and the coil is 1.4 m. 
Heated air at 65 "C was  used to actuate  the  microactuators  in  these  pictures.  Both 
devices  have  been  actuated  with  laser-activation  in  low  flow  rate  room  temperature 
water.  Functional  tests of the  coil  device  have  shown  that  porcine  blood  clots  have been 
successfully  held  against  pressures of 1078+249 mmHg  in  a 1.5 mm inner  diameter 
flexible,  transparent  polyvinyl  chloride  tube.  This  pressure  are on the order of  ten  times 
average  physiological  pressures  in  the  cerbrovaculature. 

Fig. 7. Absorption  coefficient  for 0.04% wt.  doped  thermoset MP 5510.  Absorption 
coefficients  were  measured  for  both  thermoset  and  thermoplastic SMPs with  dye  doping 
concentrations  up  to 0.2% wt. No significant  differences  in the absorption  coefficient 
between the SMP types  were  noted. The absorption  coefficient  scales  linearly  with  dye 
concentration  through  the  maximum  concentration  tested. 

Fig. 8. Example of the  images  obtained  in  measuring the temperature  distributions in 
microgripper  actuators  (in  air). The diffusing  optical  fiber  coincides  with  the  bright 
(hottest)  section of the  image  near the top.  The  temperature  indicated on the  left  scale 
(32.8 "C) is located  at  the cross hairs  in  the  image  (distal  edge of SMP). This  specific 
SMP microgripper is approximately 200 pm in  diameter  and  overlaps the coil by 550 pm 
in the image.  Overlap  lengths  between 200-2000 pn were  tested  with the thermal 
distributions  compared to the  static  failure  loads  that the gripper  could  hold (0.33 lb was  a 
minimum  design  requirement). 

Fig. 9. Temperature  distribution  in  partially  submerged  microgripper. The top  schematic 
diagram  shows  an  air  gap  between the fiber  and  the  coil  with  identifying  points (A-D). 
The temperature  distribution  shown is for a device  partially  submerged in 37 "C, 5 
d m i n  water  through  a 4x4 mm channel. The laser  power  used in this example  was 98 
mW. The SMP coil  overlap  was  approximately 200 pm and  the  dye  concentration was 
0.2%. The temperature  drop from the  points B to A was  greater  than 5 "C due to both the 
flow  and the dye  concentration. The inset  figure  shows  the  influence of dye 
concentrations on the temperature  gradient of a 2000 pn overlap SMP microgripper  in 
air.  Both the 0.1 % and 0.2% concentrations  use the same  laser  power (65 mW) and  the 
lower concentration  has a smaller  temperature  gradient  but  low  temperatures  due to less 
laser  light  absorbed.  Note  that the temperatures  in  the  inset  figure  are  the  relative to 
room temperature. 

Fig. 10. Peak  temperature in distal end of the SMP microgripper for 18 and 95 ml/min 
flow rates  in  partially  submerged  tests.  The  lines  are  linear fits to the data.  The  same 
laser  powers  (measured  at  the  fiber  end  with an integrating  sphere) are shown  for  both 
flow cases.  The  general  conclusion of these  studies  was  that no single  laser  power  was 
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appropriate  for  operating  the  microgripper  under  all  required flow conditions (0- 100 
mvmin). Note  that for a given flow rate, lower and higher  laser powers result in fairly 
linear  temperature-time  behavior.  For dl cases  tested (5 flow  rates  between 0- 100 
ml/min), non-linear  temperature-time  data  resulted. The source  on the nonlinearity is 
unknown but  suspected to occur  when the energy  output of the SMP was near  the 
maximum energy  input  (energy  sink)  capacity of the  flowing  fluid. The 18 ml/min flow 
condition required that  the  laser  pulse  duration be smaller  due to excessive  heating  for  the 
higher  laser powers. 
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